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Abstract
The maintenance of electromechanically functional extracellular matrix in cartilage re-
flects a dynamic balance between synthesis, aggregation, and release of highly charged proteo-
glycan molecules. In cultured 3 mm x 1 mm calf articular cartilage disks, the release rate of
35S labeled proteoglycans was observed during 3 hour exposure to DC current densities (0-10
mA/cm2) at two times; 0-3 and 24-27 hours after the radiolabel. The electric field induced a
non-linear increase in release rate with respect to current density. For every current density,
the rate of release was greater 0-3 than 24-27 hours after radiolabel.
The physical mechanism of PG release was explored by examining the processes of
diffusion, electrophoresis and electroosmsosis within the disks. The diffusion of the PGs out of
the ECM during the period of observation can be described by a skin depth of length much
less than 480 pm, on each side of the disk. The relative contribution of electrophoresis and
electroosmosis was obscured by the non-uniformly distributed macroscopic pores in the matrix
and a potential change in PG diffusion characteristics due to the DC field.
Thesis Supervisor: Alan J. Grodzinsky
Title: Professor of Electrical and Bioengineering
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Chapter I
Introduction
1.1 Background
Articular cartilage serves as a load bearing material in synovial joints. This connective
tissue has a low friction bearing surface and is designed to absorb and redistribute the mechan-
ical pounding applied to joints during normal daily activity. The body however, experiences
a wide range of forces, that can often lead to cartilage degradation. Medical complications
associated with cartilage damage are common. An estimated 30-60 million Americans exhibit
symptoms of osteoarthrosis, a disease associated with cartilage degradation [5]. The net cost
for arthritic conditions, of which osteoarthrosis is the most prevalent, is estimated at 8.5 billion
dollars per year [1]. Medical research on cartilage, however, poses difficult challenges because
the degradative process generally spans several years. Incremental changes in cartilage compo-
sition and functionality are very difficult to monitor. As a result, basic research on cartilage
tissue is often conducted by applying a controlled physical force to living tissue, and closely
monitoring the tissue response.
Cartilage research spans a broad range of disciplines. For example, a biochemist might
study the interaction of the chondrocytes with the matrix, and an engineer might study the
matrix for its material properties. From an electrical engineering perspective, the tissue matrix
in an aqueous medium provides a system in which currents and fluid flows interact by means
of electrokinetic coupling. These interactions have been explored extensively in a variety of
materials and have been described quantitatively [2]. As a result, observations of the fluid and
current characteristics for live cartilage tissue should reflect biologically related variations in
tissue composition.
1.2 Articular Cartilage
Articular cartilage consists of cells (chondrocytes) embedded in an extensive extracel-
lular matrix (ECM). Nearly 80% water, ECM is comprised of a network of hydrated collagen
fibrils enmeshed in a gel of highly charged proteoglycan (PG) molecules (figure 1.1). The neg-
ative charge density of the matrix is accompanied by an equal but opposite net positive charge
-9-
density in the media permeating the matrix.
PGs are large and complex molecules (molecular weight ~2.5 million), each PG
monomer has a protein core (-200,000 MW) from which extends ~80 chondroitin sulfate chains
(- 20, 000 MW) and a variety of smaller poly- and oligosaccharides. Each chondroitin sulfate
(CS) chain is attached through covalent linkages to the hydroxyl groups of serine residues.
Initiation of the chain begins at the core and elongation is mediated by specific transferases
that alternate the addition of N-acetylgalactosamine (GalNAc) and glucuronic acid residues.
Because sulfation occurs on the GalNAc residue during elongation, 35Sulfate is commonly used
to assess GAG synthesis.
The PG monomers are synthesized in the chondrocytes and secreted into the matrix.
In the ECM, PG monomers form a ternary complex with a hyaluronic acid (HA) chain, and
link protein (LP). It is believed that additional PG monomers may aggregate onto the same
HA chain further enmeshing the complex within the matrix.
Degradation of the PG aggregate (PGA) results in the release of monomers able to
diffuse slowly into the surrounding matrix. The mechanism by which PGs are released from
the aggregate involves a proteolytic cleavage of the core protein near its termination on the HA
chain. The clipped PG is no longer able to interact with HA and LP.
The load bearing functionality of healthy cartilage is dependent on the integrity of the
matrix. The appropriate matrix composition is maintained through the dynamic balance of
synthesis and degradation. Any loss of PGs due to physiologic or pathologic processes must be
replaced by newly synthesized PGs. Some studies have shown that healthy cartilage responds
to increased load conditions by increasing the ratio of PG synthesis to loss [3]. In contrast,
diseased cartilage fails to compensate heightened PG degradation with adequate synthesis, and
the effective concentration in the matrix decreases. This affects the biomechanical properties
of the tissue and as a result, its functionality is altered as in osteoarthrosis.
A wide range of questions concerning PG maturation within the ECM, and loss from
the ECM remain to be answered. After interaction with link protein and hyaluronic acid,
the monomer is characterized by an affinity state. The monomer's affinity state refers to its
ability to form aggregates with HA [4]. This characteristic is measured by extracting PG
monomers and reacting them with limiting amounts of HA. The mixture is separated by gel
filtration chromatography and observing the degree of aggregation by analysis of the proportion
-10-
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Figure 1.1: Components of Articular Cartilage Extracellular Matrix. PG-MON=proteoglycan
monomer, PG-AGG=proteoglycan aggregate, GAG=glycosaminoglycan, CS=chondroitin sul-
fate, LP=link protein, HA=Hyaluronic Acid chain.
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of aggregates to monomers. Newly synthesized PGs have a lower affinity state than mature
PGs (i.e. do not form aggregates as easily) [4]. The mechanism behind affinity state and its
role in the intact matrix remain unclear.
1.3 Interaction of Physical Forces with the ECM
In this thesis, we explore the hypothesis that
PG aggregation and affinity characteristics in an in vitro system may be explored by
application of DC electric fields across the tissue. The high density of ionized sulfate-group on
the GAG chains give the PGs a large negative charge density. Assuming that relevant cellular
activity and affinity state were unchanged by the field, an applied field would be expected to
increase the release rate of PGs out of the matrix. The aggregation and/or affinity state of
the PG would be expected to place a restraining force on the mobility of the PG. High affinity
aggregates (comprised of mature PGAs) would restrain PG release rate more than low affinity
aggregates (newly synthesized PGs). In this manner DC electric fields might be used as a probe
into the biological characteristics of the tissue.
In the first study discussed in this document (section 2.1), constant current densities
were applied to one set of cartilage explant disks immediately after pulse-labeling newly syn-
thesized PGs, and to another similar set 24 hrs after radiolabeling. In this document newly
synthesized PGs are defined as the population exposed to currents 0-3 hours after label , while
mature PGs were synthesized in the presence of label 24 or 25 hours prior to observation in the
electric fields.The release rate increased during exposure to the fields, and the rate for newly
synthesized (low affinity) PGs was higher than the rate for the mature (high affinity) PGs. The
apparent sensitivity to PG affinity state during this initial exploratory study suggested further
examination of both the population of PGs released during the application of fields, and the
physical mechanism by which the release rate was increased. However, the population of PGs
could not be examined for size and affinity characteristics because the total release rate was
too low. The question of increasing the release rate needed to be addressed first. Two studies
were conducted to examine the physical mechanisms by which the electric fields increased the
PG release rate (sections 2.2, 2.3).
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1.4 Physical Mechanisms Associated with Electroextraction of PGs
Diffusion, electrophoresis, and electroosmosis were all explored as potential contributors
to increased PG rate of release during electroextraction. Confining the analysis to these three
forces, the flux of PGs rr out of the matrix is described (3) by the following relationship
rT=rD+PEP+EO
rD= Flux contribution from Diffusion
PEP = Flux contribution from Electrophoresis
T EO= Flux contribution from Electroosmosis
1.4.1 Flux due to Diffusion
Flux due to PG diffusion through the matrix is dependent on the PG concentration
(Cpg) and the diffusion constant (D) by the following relationship
PD =-D acax
1.4.2 Flux due to Electrophoresis
Flux due to electrophoresis is shown schematically in figure 1.2. The electric field drives
the negatively charged PG in the direction opposite of the field. The flux due to electrophoresis
is related to the concentration of PG (Cp,), electric field (E) and the electrophoretic mobility
of the PG (pg) through the matrix by the following relationship
PEP = -CpgyipgE
1.4.3 Flux due to Electroosmosis
Flux of PGs due to electroosmosis occurs when the positively charged Na+ ions translate
in the direction of the field toward the negative electrode and carry water molecules in the
direction of translation by viscous drag. Macromolecules such as PGs will then be entrained in
the fluid flow, giving a convective flux of PG.
-13-
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Figure 1.2: Electrophoresis of a PG through the matrix in an applied field.
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Electroosmosis is shown schematically in figure 1.2. The flux due to electroosmosis is
related to the concentration of PG (C,,), electric field (E) and the electroosmotic coupling
coefficient (K) by the following relationship
rEO = GpgKE
Electrical current flow accompanies fluid flow through the charged matrix by the coupled elec-
trokinetic equations which relate fluid flow (U) and current density (J), to pressure (P) and
voltage (V) gradients. For a matrix with a negative charge density the equations are as follows
U= -ki V P + k12 V V
J = k 21 V P - k22 V V
At the onset of current, the pressure gradient VP is zero, and the following equation is valid
Up - ki2=k22
For t>O however, a pressure head develops across the matrix which opposes the original direction
of fluid flow. The counter flow carries sodium ions in the opposite direction opposing the original
current density.
In the second study discussed below (section 2.2), the characteristic diffusion length of
the PGs in the matrix was examined by halving the thickness of the disk. The release rate in
the presence and absence of constant current was compared to that for disks with the original
thickness.
In the third study (section 2.3), the contribution of electrophoresis and electroosmosis
was assessed by determining the rate of release to each side of the explant disk and comparing
the two. Assuming that the diffusion rate was not effected by the field, and that the matrix was
uniform, homogeneous, and isotropic, then an increase in flux to one side of the disk should be
accompanied by a decrease to the other side.
-15-
-- + ions -- + water
Figure 1.3: Electroosmosis of a PG through the matrix in an applied field.
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Chapter II
Materials and Methods
2.1 Effects of DC Current on the Release Rate of Varied Proteoglycan
Populations
The relationship between DC current amplitude and proteoglycan (PG) release rate
in cartilage explant disks was examined for several PG populations. Radiolabel was used to
distinguish a population of newly synthesized PGs from those already existing in the matrix.
Electrical current was applied at two times: immediately following the radiolabel period, to
observe the effect on release rate of newly synthesized radiolabeled PGs, and 24 hours after
radiolabel, to observe the effect on mature PGs.
2.1.1 Cartilage Explant and Tissue Culture
Articular cartilage was explanted from the right and left femoropatellar grooves of a
one-two week old calf, several hours after slaughter (see appendix A for a detailed description
of the tissue harvesting process). Three mm (diameter) by one mm (thickness) cartilage explant
disks were distributed into 2 sets of 8 groups, each group containing 6 disks (see appendix B for
the detailed tissue distribution). Immediately following explant, the disks were inserted into
autoclave sterilized teflon holders designed specifically for exposing 3 mm x 1 mm explant disks
to electric fields (see figure 2.1).
Each group was cultured under sterile conditions in an individual well of a 12-well culture
dish and incubated in 3.0 ml of medium at 370C in 95% air and and 5% C02. The incubation
medium consisted of DMEM (Dulbecco's Modified Eagles medium with 110 mg/L pyruvate,
1000 mg/L D-glucose) supplemented with 10 mM HEPES buffer, 0.1 mM non-essential amino
acids, 0.4 mM proline, 10% Fetal Bovine Serum and 20 pg/ml ascorbate. The media was re-
placed every 24 hours. To prevent bacterial growth, the media for the first overnight incubation
was supplemented with 100 U/ml penicillin and 100 jig/ml streptomycin.
-17-
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Figure 2.1: Insertion of 3 mm x 1 mm explant disks into teflon holders.
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2.1.2 Radiolabel Exposure of Cartilage Disks to 3 S-sulfate
Five days after the tissue explant, the disks were radiolabeled with asS-sulfate. 35S-
sulfate is incorporated into the GAG chains of newly synthesized PGs, and hence distinguishes
this population from from non-labeled PGs already existing in the matrix. One hour prior
to labeling, the label media was placed in the incubator and allowed to pre-equilibrate to
temperature (37*C), C02 and pH (-7.4) conditions associated with organ culture. This pre-
equilibration minimized tissue perturbation during transfer from overnight to label media. Each
group of disks was incubated for 1.5 hours in 1.5 ml of media containing 200 pCi/ml 35Sulfate.
After the labeling period, free unincorporated 35S-sulfate was washed away by three successive
ten minute incubations in media pre-equilibrated to incubation conditions. Each group was
washed in 3.0 ml of media in individual wells of a 12-well culture dish.
One set of disks was placed in the electrical chambers and immediately after the third
wash and exposed to DC current. The second set was placed in media (3 ml/group) and
incubated for 24 hours prior to exposure to electric fields.
2.1.3 Electrical Extraction of PGs from Radiolabeled Cartilage Disks
Apparati Used to Generate Electric Fields
Three distinct DC power supplies in series with current meters were used to generate
and monitor current densities of 2, 5, and 10 mA/cm2 . A Kepco Bipolar Operational Power
Supply in series with a Rawson Micro-Milliampere Current Meter (Cambridge, MA) was used
to generate 2 mA/cm2. A DC Power Supply made by Hoefer Scientific Instruments (San
Francisco, CA) in series with a Fluke 75-Multimeter (Everett, WA) generated 5 mA/cm 2. A
Hewlett Packard 711A Power Supply in series with a second Fluke 75-Multimeter generated 10
mA/cm2.
Two electrical chambers with external electrodes were used to expose the the explant
disks to DC current (figure 2.2). Each chamber was comprised of two independent lanes, each
lane holding up to 16 explant disks. The teflon disk holders were inserted into the lanes as
shown in figure 2.2. The lane and holder widths were both 6 mm, and allowed fluid and current
flow only through the explant disk. The electrical chambers were connected to the electrodes
-19-
-41 1
I.C I I ~Ll DIA
sr
ppntgwe '4EW 0; CMAR
PfbS
-rot view
C*AMSEA,
LOEN ARrb FRT
Figure 2.2: Electrical chambers and electrodes used to apply current to explant disks. This
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by an ionic bridge comprised of autoclavable plastic Tygon tubing with inner diameter 5"
(Norton, Akron, OH) filled with 5% w/v agarose (Seakem LE Agarose, FMC, Rockland, ME)
in DMEM.
Each electrode was comprised of a flat platinum strip (area ~1 cm 2) secured to a teflon
cylinder. A wire lead connecting power supply and electrode was secured to the platinum strip
with a nylon screw (figure 2.2). The agarose bridge led from the electrical chamber to the center
of the cylinder through a hole drilled into the side opposite the platinum strip. The cylinder
stood upright in the electrode bath. Wedges cut into the base allowed fluid flow to the agarose
bridge.
The electrode baths contained 100 mls of sterile PBS (8.1 mM Na 2PO4, 137 mM NaCl,
1.47 mM KH 2PO4 , 2.68 mM KCl, pH=7.4). This external electrode arrangement isolated
the tissue in the electrical chamber from electrically induced pH change in the electrode baths.
Control studies showed that the pH of the media in the chamber was unaffected by the presence
of electric fields. This control study is reviewed in appendix C.
1.5 hours preceding the tissue exposure to electric fields, the chambers and electrodes
were sterilized in an autoclave (Castle, Rochester, NY) for 30 minutes. After autoclave ster-
ilization of the apparati, sterile agarose was used to build the ionic bridges and prepare the
electrodes.
Exposure of Explant Disks to DC Current, Innediately Following Radiolabel
Immediately following the third post-label media wash, each of four current densities
(0, 2, 5, and 10 mA/cm2 ) was used to expose two groups of disks to DC currents, for 3 hours.
The appropriate current (I) corresponding to each current density (J) was calculated using the
following relationship
I = J x DISKAREA
DISKAREA = ?r x (disk radius) 2 = 7r x (1.5 mm) 2
The 6 disks in each lane were incubated in 3.0 mls of pre-equilibrated DMEM+ and exposed
to currents (i range) of 0, 140 i 20, 350 ± 20 and 700 ± 20 pA.
After 3 hours, each group of disks was removed from the holders and washed 3 times
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in succession (15 minutes per wash) in 3 mls of PBE (0.1 M NaH2PO4, 0.01 M Na 2EDTA,
pH=6.5) at 4*C. The media was collected and stored at -20*C for biochemical analysis.
Using pH paper, the pH of the PBS in each electrode bath was observed to be ~7.0.
The pH control study (appendix C) showed that media pH was unaffected by a bath with
pH=6.5-7.0. It was concluded that the pH of the media was unchanged by the electric fields.
Exposure of Explant Disks to DC Current, 24 hours After Radiolabeling
After incubating for 24 hours in a 12-well dish, the second set of 8 groups was exposed
to DC current following the protocol described above. The current variability was as follows:
0, 140 ± 5, 350 + 20, and 700 ± 20 pA. Using pH paper, the pH of each electrode bath was
observed to be -7.0. By the same rationale used above, it was concluded that the pH of the
media was unchanged by the electric field.
2.1.4 Biochemical Analysis
Tissue
The disks were digested with papain to solubilize the tissue and disrupt the peptide
bonds of the PG core protein, releasing free GAG chains. Each group of disks was digested in
2.0 mls of PBE (0.1 M Na2HPO 4, 0.01 M Na2EDTA, pH=6.5) containing papain (125 pg/ml)
and cysteine (10 mM).
The disk radiolabel content of each group was analyzed by adding 800 pl of 2M Guan-
dinium chloride, 0.5M sodium acetate, (pH=6.8) and 2.0 ml of scintillation fluid (Scintiverse
Bio-HP from Fisher Scientific) to each of duplicate 200 pl aliquots of papain digested tissue.
The tissue was assumed to be free of unincorporated 35Sulfate label. The 35Sulfate counts were
analyzed with a scintillation counter (LKB Wallac 1211 Rackbeta Liquid Scintillation Counter).
Media
Macromolecules and free label in a 400 pl media aliquot of the 3 mls of media collected
from each lane, was separated on a G-25 PD10 column (Pharmacia, Piscataway, NJ). Elution
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buffer (0.2 M Guandinium Chloride, 0.5 M sodium acetate, pH=6.8) was passed through the col-
umn and the macromolecular (Vo) and low molecular weight (Vt) components of the peaks were
pooled after control studies showed that separation of radioactivity to baseline was achieved.
2.0 ml of scintillation fluid was added to each fraction, and each vial was analyzed in the scin-
tillation counter. The macromolecular 35Sulfate counts in the column load was equivalent to
the sum total of 35Sulfate radioactivity in the Vo macromolecular peak.
2.2 Effect of Explant Disk Thickness on PG Release Rate in the Presence
of Electric Fields
The relationship between disk thickness and PG release rate in the presence of DC
electrical currents was examined by applying DC currents to radiolabeled disks of thickness 480
pm and 1000 pm.
2.2.1 Cartilage Explant and Tissue Culture
Articular cartilage was explanted from the right and left femoropatellar grooves of a
one-two week old calf, several hours after slaughter (See appendix A for a detailed description
of the tissue harvesting process). The tissue was distributed into 2 sets of 4 groups, each group
containing 6 disks. The disks in the first set were 3 mm (diameter) by 480 pm (thickness),
while the disks in the second set were 3 mm x 1 mm (see appendix B for the tissue distribution
scheme). Immediately following explant, the disks were inserted into sterile teflon holders. The
tissue was cultured according to the protocol described in section 2.1.1.
2.2.2 Radiolabel Exposure of Cartilage Disks to 35Sulfate
Prior to radiolabeling, the 480 pm disks required realignment within the holders. Sterile
curved forceps and explant disk inserters were used to orient the disks so that the face of the
disk would be perpendicular to the current flow. The explant disks were radiolabeled according
to the protocol described in section 2.1.2.
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2.2.3 Electrical Extraction of PGs from Radiolabeled Cartilage Disks
Apparati Used to Generate Electric Fields
Two power supplies in series with current meters were used to generate and monitor
two current densities of 5 mA/cm 2 (700 pA). The Hoefer DC Power Supply was placed in
series with the Rawson Micro-Milliampere Current meter, while the HP 711A Power Supply
was connected in series with a Fluke 75-Multimeter.
The electrical chambers were prepared so that half of each set were controls (0 mA/cm 2)
and the other half were exposed to 5 mA/cm2 for 3 hours (see figure 4). The electrodes were
prepared as described in section 2.1.3.
Electrical Extraction of PGs from Explant Disks Following Radiolabel
Immediately following the third post-label media wash, DC current was applied to both
sets of explant disks as shown in figure 2.3. The current from both supplies varied between 350
and 380 pA. After 3 hours, the current was stopped, and the tissue was washed according to
the protocol described in section 2.1.3. The media was collected and prepared for biochemical
analysis.
Using pH paper, the pH of the PBS in each electrode bath was observed to be ~6.8.
By the same rationale used in section 2.1.3 it was concluded that the pH of the media in the
chamber was unaffected by the electric field.
2.2.4 Biochemical Analysis
The disks were digested with papain. Each group of 480 pm thick disks was digested in
1.0 mls digestion buffer (PBE containing 125 pg/ml papain and 10 mM cysteine). Each group
of 1000 pm disks was digested in 2.0 mls of digestion buffer.
The radiolabel content of each digestion was analyzed by preparing scintillation samples
containing duplicate 100 or 200 pl tissue digestion aliquots, 900 or 800 p1 of 2M Guandinium
Chloride, 0.5 M sodium acetate, (pH=6.8), and 2.0 mls of scintillation fluid. The samples were
analyzed for radiolabel content in the scintillation counter.
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Figure 2.3: Electrical chamber arrangement used to apply electric current to explant disks of
480 psm and 1000 pm thickness. Only one chamber shown.
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The macromolecular radiolabel content in the media was analyzed with G-25 PD10
columns according to the protocol described in section 2.1.4.
2.3 Electroosmosis and Electrophoresis of PGs in Cartilage Explant Disks
In a negatively charged matrix, electroosmosis convects macromolecules in the direction
of current flow, while electrophoresis displaces the negatively charged macromolecules in a
direction opposite to the current flow. The physical mechanism by which DC current increases
the release of newly synthesized and mature PGs was studied by independently analyzing media
collected from both sides of the disk.
2.3.1 Cartilage Explant and Tissue Culture
The cartilage explant disks were harvested as described in section 2.1.1. The disks
were distributed into 2 sets of 4 groups, each group containing 8 disks (see appendix B for the
detailed tissue distribution). Immediately following explant, the disks were inserted into the
teflon holders. Each group was distributed into two wells of a 12-well culture dish (2 ml/per
well), and cultured according to the protocol described in section 2.1.1.
2.3.2 Radiolabel Exposure of Cartilage Disks to asSulfate
Three days after the tissue explant, the disks were radiolabeled with 35Sulfate. Each
group was placed in an individual well of a 12-well culture dish and incubated for 1.5 hrs in 2.0
mls of media containing 200 pCi/ml 3 5Sulfate. As described in section 2.1.2, tissue perturbation
due to media change was minimized by pre-equilibrating the label media and subsequent wash
media to incubation conditions. Each of the three ten minute media washes were conducted by
distributing each group between 2 wells of a 12-well culture dish (2 ml/well).
DC current was applied to the first set of 4 groups immediately following the third
media wash. The second set was distributed into two wells of a 12-well culture dish (2 ml/per
well), and incubated for 25 hours prior to exposure to electric fields.
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2.3.3 Electrical Extraction of PGs from Radiolabeled Cartilage Disks
Apparati Used to Generate Electric Fields
Two power supplies in series with current meters were used to generate and monitor
two current densities of 10 mA/cm 2 (700 pA). The Hoefer DC Power Supply was placed in
series with the Rawson Micro-Milliampere Current meter, while the HP 711A Power Supply
was connected in series with a Fluke 75-Multimeter.
Two groups of disks were controls (0 mA/cm2) and two groups were exposed to currents
for 3 hours with 10 mA/cm2 (see figure 2.4). The chambers and electrodes were prepared as
described in section 2.1.3.
Exposure of Explant Disks to Electric Field, Inrnediately Following Radiolabel
In the chamber, teflon holders filled with 5% agarose (Seakem LE Agarose, FMC, Rock-
land, ME) were alternated between explant disks as shown in figure 2.4. The disk separated the
media on one side from the other. The agarose dividers prevented mixing of media associated
with adjacent disks.
Electric field was applied to the first set of 4 groups for 3 hours immediately following
the third wash. Two groups were controls and were not exposed to electrical current. Two
groups were exposed to approximately 700 MA. The HP supply varied between 700 and 780 pA,
while the Hoefer supply varied between 680 and 730 MA.
After 3 hours of PG electrical extraction, the media was collected from both sides of
a given disk concurrently, using automatic pipetters and pasteur pipettes. The concurrent
collection prevented convective flow from one side of a disk to the other. During the time
between media collections for adjacent disks (-2 seconds), there was no observed media flow
across the agarose divider. Thus media loss during collection was minimized. Each tissue group
was removed from the holders and washed in PBE as described in section 2.1.3.
For each group, the agarose contained in the agarose dividers was collected for analysis
of macromolecular 35Sulfate content.
Using pH paper, the pH of the PBS in each electrode bath was observed to be ~6.8.
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Figure 2.4: Electrical chamber arrangement used to study the the physical mechanism by which
DC current increases PG release rate (only one chamber shown above). Note the distribution
of explant disks and agarose dividers that allowed isolation of media from both sides of each
disk.
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By the same rationale used section 2.1.3, it was concluded that the media pH was unaffected
by the electric fields.
Exposure of Explant Disks to DC current, 24 hours after Radiolabeling
After incubation for 25 hours, DC current was applied to the second set of 4 groups
using the protocol described above. During this exposure, the current varied between 690 and
730 pA in both supplies. Once again, the pH of each electrode bath was ~6.8 and by the same
rationale used above, it was concluded that the media pH in the chamber was unchanged by
the electric field.
2.3.4 Biochemical Analysis
The tissue and media radiolabel content was analyzed according to the protocol de-
scribed in section 2.1.4.
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Chapter III
Results
3.1 Effects of DC Current on the Release Rate Varied Proteoglycan Pop-
ulations
DC electrical current densities of four different magnitudes (0, 2, 5, 10 mA/cm2 ) were
applied to two sets of 35S-sulfate radiolabeled explant disks. One set was exposed to the electric
fields 0-3 hours following the radiolabel period, while the other set was exposed 24-27 hours
after label. Within each set, each specified current density was applied to two separate groups
of cartilage disks.
3.1.1 Data Analysis
The tissue and media within each group was collected and analyzed independently as
described in section 2.1.4. Duplicate aliquots of tissue digest, media, Vo, and Vt samples were
scintillation counted 15 minutes for 3 5S content. 35S counts per minute (35Scpm) for duplicate
aliquots were averaged. Total 35Scpm incorporated into macromolecules (macro 35Scpm) was
determined by summing the tissue and the media macro 3 5 Scpm.
Total macro 35Scpm reflected matrix cell density and/or cellular activity, and was in-
dependent of electrical current. The labeled macromolecules were assumed to be distributed
homogeneously throughout each tissue sample. For identical incubation conditions, the PGs
in different tissue groups were assumed to be released by the same mechanism. Given these
assumptions, the release rate of macro 35Scpm would be proportional to the density of macro
3 5Scpm in the matrix. Because the disk dimensions were the same for every tissue sample, the
total macro 3 5 Scpm incorporation was directly proportional to the macro 35Scpm density. Thus,
to examine the mechanism by which PGs were released into the media for varying incubation
conditions, the total macro 3 5 cpm released into the media was normalized to the total macro
3 5Scpm synthesized and to the incubation duration (in hrs), resulting in a fractional release rate
of macro 3 5 Scpm into the media. The percentage release rate of macro 35 SCpm was calculated
as shown below
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MAC ROm)10RR =( { AR )+- Te x 100
M ACROtot
RR = Release rate of macromolecular 35SCpm into the media (%/hr)
MACROm = Total Macromolecular 35Scpm Released into the Media
MACROtot = MACROm + Total Macromolecular 3 5 Scpm in Tissue after Digestion
Te = Time Duration of Electrical Extraction = 3 hours
The total macro 35 SCpm incorporation was also directly proportional to the 35Scpm
incorporation rate because the label period and conditions were the same for each group.
The incorporation rate of free sulfate into macromolecules was estimated based
on the fraction of total 35Scpm incorporated into macromolecular form. The total macro 35Scpm
was normalized to the concentration of 3 5Scpm in the media to yield an equivalent volume of
newly synthesized PGs. To determine the incorporation rate, this "volume" was then multiplied
by the concentration of free sulfate in the media, and normalized to the labeling period. The
relationship is mathematically summarized below.
M AC ROtot
IR = ( 36co ) x Sconc + Tp3Sconc
IR = Incorporation Rate in units of pmole Sulfate/hr
MACROtot = MACROm + Total Macromolecular 3 5Scpm in Tissue after Digestion
35Sconc = Concentration of free 35S label in cpm/ml
Sconc = Concentration of cold free Sulfate in pmole/ml = 0.8 pmole/ml
Tp = Labeling Period = 1.5 hr
3.1.2 Presentation and Analysis of Results
The percentage rate of macromolecular 35Scpm release, mean ±range is plotted against
applied DC current density in figure 3.1. The figure also includes the release rates of the
second set of disks during their 0-24 hr incubation in a 12-well culture dish. Unrelated to
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current density, these release rates provide a baseline for the second set of disks. The data
contained in figure 3.1 is tabulated in tables 1 and 2. Individual data for each group is tabulated
against DC current density in tables 3 and 4, which include the release rate, the total 35Scpm
macromolecules synthesized, and the incorporation rate of free sulfate.
Electroextraction 0-3 hr8 after Radiolabeling
DC electrical current applied to cartilage explant disks 0-3 hrs after radiolabeling caused
an increased rate of macro asScpm release into the medium. The release rate was non-linear
with respect to current magnitude. The greatest increase in release rate due to a DC current
was from 0 to 2 mA/cm 2. This is reflected in the graph which levels off with higher current
densities.
The average range of deviation from each mean release rate was 0.0237 %/hr. The
range associated with 2 mA/cm2 however, was 0.056 %/hr (see table 1), or 2.43 times larger
than the average range. A close examination of the two relevant tissue groups revealed that in
the group with the high release rate, the total incorporation of 35Scpm was 13% less than the
mean calculated for all the groups in the exposed to electric fields at 0-3 hrs after label (see
table 3). This implies that either the cell density or the cellular activity in this tissue group
was lower than average. One would expect a corresponding decrease in total released macro
35Scpm. This group released the greatest amount of macro 35SCpm (table 3). If one concludes
from these observations, that the other group was more representative of normal incorporation,
then the curve appears as shown with the dotted line.
Electroextraction 24-27 hrs after Radiolabeling
The response of PG release rate to DC currents applied 24-27 hours after radiolabel
was similar to the response observed for electric fields applied at 0-3 hours. The presence of
DC currents caused increased rates of release, and again, the greatest increase in release rate
was from 0 to 2 mA/cm2
Release of macro 35Scpm in the absence of current
The macro 35Scpm rate of release in the absence of current 0-24 hrs and 24-27 hrs after
label showed no significant difference. At 0-3 hours however, the release rate was 20% greater
than at 24-27 hours after label.
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Figure 3.1: Electrical extraction of PGs from explant disks; %Rate of Release of macromolecular35Scpm vs DC current densities of 0, 2, 5, and 10 mA/cm2. The electric fields were applied to
explant disks 0-3 hrs 0 and 24-27 hrs 0 after label. The triangles A correspond to the %rate
of release during the 0-24 hour incubation of the tissue exposed to electric fields 24-27 hrs after
label. The tissue was not exposed to electrical currents during this period.
Extraction of PGs with DC Electric Current
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Table 3.1: Electroextraction of PGs 0-3 hrs after Label: Mean and Range
Current Density %RR Range
mA/cm2  %/hr %/hr
0 0.112111 0.000087
2 0.231073 0.056771
5 0.190018 0.006990
10 0.213877 0.029853
Table 3.2: Electroextraction of PGs 24-27 hrs after Label: Mean and Range
Current Density %RR Range
mA/cm2  %/hr %/hr
0 0.093083 0.003760
2 0.138390 0.009938
5 0.141204 0.014189
10 0.192294 0.006720
Table 3.3: Electroextraction of PGs 0-3 hrs after Label: by Individual Groups
Current Density %RR MACROm MACROtot IR
mA/cm2  %/hr 3 5 Scpm 3 5 Scpm Sulfate nmoles/hr
0 0.112024 4783.500 1421928 0.566
0 0.112198 4087.125 1213050 0.486
2 0.174303 7000.876 1337495 0.587
2 0.287844 10092.375 1167562 0.520
5 0.183028 8050.500 1464704 0.655
5 0.197008 8103.375 1369705 0.590
10 0.243730 9843.750 1344916 0.652
10 0.184023 7635.374 1381660 0.657
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Table 3.4: Electroextraction of PGs 24-27 hrs after Label: by Individual Group
Current Density %RR MACROm MACROtot IR
mA/cm2 %/hr 35Sepm asSepm Sulfate nmoles/hr
0 0.096844 4523.625 1555461 0.619
0 0.089323 3902.625 1454917 0.583
2 0.128452 5730.750 1485647 0.652
2 0.148329 5852.250 1313838 0.585
5 0.155393 6977.250 1495192 0.668
5 0.127014 5627.250 1475327 0.635
10 0.186204 7611.750 1361255 0.660
10 0.199645 7306.875 1218759 0.580
This might reflect changing PG affinity state over time. It might also reflect immediate
tissue response to handling associated with the labeling process.
Comparison of Electroextraction at 0-3 and 24-27 hours after Label
For each current density, the release rate 0-3 hours after label was higher than at 24-
27 hours. The difference between the 0-3 hr and 24-27 hr release rate for a given current
density, decreased with higher magnitude. For 2 mA/cm2, the 0-3 hour release rate was 67%
greater than at 24-27 hours. For 5 mA/cm 2 and 10 mA/cm 2 , this difference was 34% and 11%
respectively. This observation implies that at current densities near 2 mA/cm2, the field may
interact with the newly synthesized PGs thru a different mechanism than with the mature PGs.
If the group with the lowest total incorporation of 35Scpm was ignored, then the release
rate of macro 35Scpm at 0-3 and 24-27 hrs after label increased with current magnitude in a
similar manner. The absolute percentage release rate for 0-3 hours however, was consistently
higher than at 24-27 hrs after label.
The average range of deviation from each mean release rate during exposure to electric
fields, was 0.024 %/hr 0-3 hours after label, and 0.008%/hr 24-27 hours after label. This
difference might reflect the change in PG affinity state over time.
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3.2 Electrical Extraction of PGs from Disks of Different Thickness
Release rate of PGs from 480 pm and 1000 pm thick explant disks was examined 0-3
hours after the radiolabel period, during exposure to current densities of 0 and 5 mA/cm 2.
3.2.1 Analysis
The release rate of macro 3 5 Scpm was calculated as described in section 3.1.1. The
release rate is plotted against DC current magnitude in figure 3.2. The release rate multiplied
by the thickness of the disk (mm) is plotted against DC current magnitude in figure 3.3.
The sample mean and range are tabulated in table 5, while the release rate, total macro
35Scpm released, total macro 3 5 Scpm synthesized, and the density of macro 3 5 Scpm in tissue
preceding the application of current; are tabulated for individual groups in table 6.
The density of macro 35 Scpm in the tissue prior to applying the current was determined
by normalizing the total macro 3 5Scpm to the volume of tissue in each group . The disk
dimensions was assumed to be the same in each group. The volume of tissue was calculated as
follows
TissueVolume = r x (disk radius) 2 x thickness x (number of disks)
disk radius = 1.5 mm
thickness = 480 pm or 1000 pm
number of disks = 6
3.2.2 Presentation and Analysis of Results
Electroextraction of PGs from 1000 pm Thick Disks
The release rate of macromolecular 3 5 SCpm in the presence of 5 mA/cm2 was 10%
greater than control (0 mA/cm2). The corresponding increase in the first study (section 3.1)
was significantly greater at 69%.
The release rate of macro3 Scpm for zero current density was 0.087 %/hr. The corre-
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Effect of Disk Thickness on Electroextraction of PGs
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Figure 3.2: Electrical extraction of PGs from explant disks; %Rate of Release of macromolecular
35Scpm vs DC current densities of 0, and 5 mA/cm 2. Explant disks with thickness 480 pm (0)
and 1000 pm (o) were exposed to electric fields 0-3 hrs after label.
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Figure 3.3: Electrical extraction of PGs from explant disks; %Release rate of macromolecular
35Scpm multiplied by disk thickness (mm) vs DC current densities of 0, and 5 mA/cm 2 . Explant
disks with thickness 480 pm (0) and 1000 pm (rI) were exposed to electric fields 0-3 hrs after
label.
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sponding release rate in the first study (section 3.1) was greater at 0.112 %/hr.
Electroextraction of PGs from 480 pm Thick Disks
The mean release rate for 0 mA/cm2 was comprised of individual group rates that
differed by 63%. A close individual examination of the two groups revealed that the group with
the release rate of 0.20 %/hr had incorporated 23 % less 35Scpm than the mean total macro
35Scpm calculated from all four groups. Of the four groups of explant disks with thickness 480
pm, this group incorporated the least 35Scpm, yet it released more macro 35Scpm than two
of the three remaining groups in the presence or absence of DC current. These characteristics
are inconsistent with normal tissue incorporation and release characteristics which would have
predicted a proportional reduction in total macro 3 5Scpm released. Ignoring this group results
in the curve shown with the dotted line in figure 3.2 and figure 3.3
Ignoring the group discussed above (with the lowest total incorporation), the DC current
induced a 16% increase in release rate. Including this group in the analysis, the DC current
caused a 12% decrease in macro 3 5Scpm release. Decreased release rate due to DC electric fields
is inconsistent with the results from the first study (section 3.1).
Comparison of Electroextraction in 480 pm and 1000 pm thick Explant Disks
For both 0 and 5 mA/cm 2, the 480 pm thick disks released macro 3 5Scpm at a higher
rate than the 1000 pm disks. Including only groups with normal incorporation and release
characteristics, The 480 pm thick disks experienced a greater response to the applied current
(10% increase in release rate) than the 1000 pm thick disks (16% increase).
The macro 35Scpm tissue density in each group preceding the application of current
was calculated as shown above, and tabulated in table 6. Including only groups with normal
incorporation and release characteristics; for 0 mA/cm 2, the mean density ratio of the 480 pm
thick disks to the 1000 pm disks was 0.796. In the absence of current, the corresponding mean
ratio of macro 35Scpm released into the medium was 0.532. This observation suggests that the
diffusion of macro 35S out of the disks can be best characterized by a skin depth much smaller
than 480 pm. To check the existence of this skin depth, the % rate of release was multiplied
by the thickness. These values are plotted against current density in figure 3.3.
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Table 3.5: Electroextraction of PGs from Disks with different thicknesses: Mean and Range
Width Current Density %RR Range
prm mA/cm2  %/hr %/hr
480 0 0.161720 0.038307
480 5 0.142535 0.000880
1000 0 0.087041 0.007610
1000 5 0.095958 0.004393
Table
Data
3.6: Electroextraction of PGs from Disks with different thicknesses; Individual Group
Width Current Density %RR MACROm MACROtot Tissue Density
pm mA/cm2  %/hr 5 Scpm 35Scpm 35Scpm/mm3
480 0 0.123412 1931.74 521796 923532.0
480 0 0.200027 2218.825 369754 654431.4
480 5 0.142656 1960.783 458161 810904.2
480 5 0.144415 2389.239 551497 976100.4
1000 0 0.079432 4686.359 1966609 1669447
1000 0 0.094651 2966.929 1044868 886984.2
1000 5 0.091565 4715.729 1716710 1457308
1000 5 0.100351 5904.679 1961346 1664979
-40-
3.3 Mechanism of PG Extraction by a DC Electric Field
The contributions of diffusion, electroosmosis and electrophoresis were examined by
applying 10 mA/cm2 to explant disks at 0-3 and 25-28 hrs after the radiolabel period. The
media associated with adjacent disks was isolated. As shown in section 1.4, translation of
macromolecules due to electroosmosis and electrophoresis oppose each other. Assuming a ho-
mogeneous, isotropic and non-porous matrix, the amount of macro 3 5 cpm released to opposite
sides of a disk reflects the interaction between the two forces. After application of current, the
macro 3 5Sepm release rates on opposite sides of the disks were evaluated independently and
compared.
3.3.1 Method of Results Analysis
The media associated with each disk was isolated by placing agarose dividers between
adjacent plugs, as shown in section 2.2.3. After application of current, the media on each side
of each disk was pooled into two fractions; one corresponding to the side near the positive
electrode, and the other to the side near the negative electrode. The release rate to each side
was calculated independently by determining the total macro 3 5Scpm released to each side, and
normalizing to both the total macro 35Scpm, and the duration of electric field exposure.
In addition to comparing the release rates to each side of the disks, the total release rate
for a given current density was calculated by summing the total release rate to each side. This
provided a repeat study of total macro 3 5Scpm release rate in the presence of a 10 mA/cm 2
current density. Comparing the total release rates in this study to that in the first study (section
3.1) further substantiated the observation that electroextraction of PGs occurs in the presence
of DC electric fields.
3.3.2 Presentation and Analysis of Results
The mean total macro 35Scpm release rate at 0-3 and 25-28 hrs after label, is plotted
against DC current magnitude in figure 3.4. The data contained in this figure is tabulated in
table 7. The individual data from each group is tabulated in table 8, which includes %rate of
release, total macro 3 5Scpm released into the media, and total incorporated macro 35Scpm. In
figure 3.5, the mean release rates to the "positive" and "negative" sides are plotted against DC
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current magnitude 0-3 and 25-28 hrs after label. The data contained in this figure is tabulated
in table 9.
Total Electroextraction of PGs 0-3 and 25-28 hrs after label
For 0 mA/cm 2, the release rate at 0-3 hrs after label was 39% greater than at 25-28 hrs. This
is consistent with the results in the first study (section 3.1). However, the mean release rate
for each period was correspondingly lower than in the first study. The release rates here were
0.0723 %/hr, 0.052 %/hr, and 0.0403 %/hr for 0-3, 25-28, and 0-25 hrs after label. In the first
study, the corresponding numbers were 0.112 %/hr, 0.093 %/hr, and 0.101 %/hr for 0-3, 24-27,
and 0-24 hrs after label. The consistently lower rate might reflect differences in the two calves
used to conduct each experiment.
The release rate for 0 mA/cm2 at 25-28 hrs was a factor of 24% greater than the rate
over the 0-25 hr incubation. In the first study however, the two release rates were identical.
As observed in the first study, DC current applied to the explant disks increased the
release rate of macro 35Scpm. 0-3 hours after label, disks exposed to 10 mA/cm 2 released macro
35Scpm at a rate that was a factor of 54% greater than the control rate. 25-28 hrs after label,
the disks release rate was 115% greater in the presence of the current.
The release rate 0-3 and 25-28 hrs after label converged to ~0.111 %/hr at 10 mA/cm2.
This supports the convergence at higher current densities observed in the first study (section
3.1)
Electroosmosis, Electrophoresis and Diffusion during Electroextraction of PGs
In the absence of electric fields, the disks released macro 3 5 SCpm to both sides of the
disks at virtually equal rates 0-3 and 25-28 hrs after label. This is consistent with a diffusion
model of PG release into the media.
DC current 0-3 and 25-28 hrs after label, increased the release rate of macro 35 Scpm to
both sides of the disks. During the 0-3 hr period, the DC current led to a parallel increase to
both sides of the disk. During the 25-28 hr period, the electrophoresis related force appeared to
dominate over the electroosmosis by a factor of 2.5. These observations are consistent with two
possible theories; first, that the net diffusion rate increases with applied DC electric current due
to electrical disturbance of the state of PG aggregation; second, that the matrix may contain
sizable pores though which PGs may rapidly diffuse.
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Figure 3.4: Electrical extraction of PGs from explant disks; %Rate of Release of macromolecular
35Scpm vs DC current densities of 0 and 10 mA/cm 2. The electric fields were applied to explant
disks 0-3 hrs Q and 25-28 hrs [I after label. The triangles A correspond to the %rate of release
during the 0-25 hour incubation of the disks exposed to electric fields 25-28 hrs after label. The
tissue was not exposed to electrical currents during this period.
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Electroextraction: Electroosmosis vs Electrophoresis
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Figure 3.5: Electroosmosis and electrophoresis during electroextraction of PGs from explant
disks; %Rate of Release of macromolecular 3 5 SCpm vs DC current densities of 0 and 10 mA/cm2.
The squares E and circles o are the respective release rates to the "negative" and "positive"
sides; at 0-3 hrs after label. The dots * and triangles A are the respective release rates to the
"negative" and "positive" sides; at 25-28 hrs after label.
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Table 3.7: Electroextraction of PGs with 0 and 10 mA/cm 2: Mean and Range
Time of Extraction Current Density %RR Range
hours mA/cm2  %/hr %/hr
0-3 0 0.072344 0.002949
0-3 10 0.111155 0.006651
25-28 0 0.051999 0.003529
25-28 10 0.110837 0.000823
Table 3.8: Electroextraction of PGs with 0 and 10 mA/cm 2: by Individual Group
Time of Extraction Current Density %RR MACROm MACROtot
hours mA/cm2  %/hr 3 5 SCpm 3 5 Scpm
0-3 0 0.0752077 5450.559 2415752
0-3 0 0.0693232 6686.376 3215075
0-3 10 0.1043414 9043.202 2888978
0-3 10 0.1175999 9955.212 2821773
25-28 0 0.0489231 4067.932 2771652
25-28 0 0.0560930 4409.720 2620484
25-28 10 0.110913 8334.750 2504898
25-28 10 0.112574 8239.304 2439654
Table 3.9: Electroosmosis
and Range
and Electrophoresis of PGs 0-3 and 25-28 hours after label: Mean
Time of Extraction Current Density Side of Disk %RR I Range
hours mA/cm2  pos/neg J %/hr %/hr
0-3 0 pos 0.035698 0.000666
0-3 0 neg 0.036646 0.003615
0-3 10 pos 0.054508 0.000261
0-3 10 neg 0.056648 0.006911
25-28 0 pos 0.025522 0.002655
25-28 0 neg 0.026477 0.000875
25-28 10 pos 0.063955 0.002061
25-28 10 neg 0.046882 0.002884
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Chapter IV
Discussion
4.1 Effects of DC Current on the Release Rate of Newly Synthesized, and
Mature Proteoglycans
The highly charged nature of proteoglycans suggests that electric fields might be used as
a tool for non-invasive analysis of PG mobility within cartilage explant tissue. From a biological
perspective, this study is aimed at addressing the question of PG aggregation state within a
cartilage disk. Studies have shown that PGs extracted 24 hours after synthesis have a higher
affinity for HA than those extracted only several hours after synthesis. Because of the difference
in aggregation state, identical DC electric fields might cause a higher rate of release in newly
synthesized (0-3 hours after radiolabel) than in mature PGs (24 or 25 hrs after radiolabel).
The release rate of labeled proteoglycans was significantly greater for groups in the
presence as opposed to the absence of DC current densities. The release rate increased with
increasing current density, but the greatest change in release rate due to the electric field was
from 0 to 2 mA/cm2. For all current densities, the release rate was higher during the application
of DC current 0-3 vs 24-27 or 25-28 hrs after the label period. At 10 mA/cm 2, the release rate of
newly synthesized and mature PGs converged toward a common rate. This suggests that large
electric fields interact with both populations of PGs in a similar manner. These observations
suggest that for a specific range of currents, newly synthesized PGs interact with DC electric
fields with a mechanism distinct from that of mature PGs. These differences are manifested in
differences in PG release rate for a given current density.
The results of the first study of release rate in the presence of DC electric field suggest
a host of issues that must be addressed to produce a clear understanding of this phenomenon.
For each current amplitude, the macromolecules released into the media at 0-3 and 24-27 hrs
must be characterized for affinity state and size. However, to practically conduct analyses of
these parameters, the net release of macromolecular 3sS must be increased. The change in
affinity state due to the DC current must be assessed. Changes in biologically related cellular
activity (for example, the release of proteases) due to the presence of the electric field must
be minimized. Initial studies (data not shown) indicate that static DC fields do not effect
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the overall rate of GAG synthesis. From a physical perspective, the most relevant issue is the
different mechanisms by which different populations of macromolecular ssS interact with the
DC electric field to produce variations in release rate.
4.2 Mechanism of PG Extraction by a DC Electric Field
Two separate experiments were conducted to assess the role of each of the three release
related forces reviewed in the introduction; diffusion, electrophoresis and electroosmosis.
4.2.1 Diffusion
In every study, the rate of release in the absence of DC current was greater during the
0-3 than the 24-27 hr exposure. This suggests that the lower affinity of the PG monomers at
0-3 hours is reflected in an increase in diffusion related release rate.
In an effort to generate a higher release rate, the effect of halving the thickness of the
disks was studied. If the diffusion length associated with 3 hours was on the same order as 500
pm, then halving the thickness would result in a significantly increased release rate both in the
absence and probably in the presence of DC electric field. If however, the diffusion was more
accurately modeled as two diffusion layers on each side of the disk, with a skin depth much
smaller than the 500 jm, then the total release of 35S would be unaffected by the change in
disk thickness.
The ratio of total 35S macromolecules released by the 480 pm disks to the 1000 p1m
disks was less than the corresponding ratio of the tissue 35S density. This strongly suggests
that the diffusion of 3 5S macromolecules out of the disk is most accurately modeled as two skin
depth diffusion layers on each side of a semi-infinite thick disk. If the diffusion length was on
the order of several hundred pms, then the ratio of total released 35S macromolecules would
have been significantly larger than the corresponding ratio of the densities.
The skin depth model can be further substantiated by showing that the %rate of release
multiplied by the thickness of the disk was less for the 480 pm than the 1000 pm thick disks.
The %rate of release of 35S macromolecules can be related to the skin depth 6 by the following
relationship
Volume of Skin Depth MACROtot
Volume of Disk Te
-47-
7r(disk radius) 26 MACROtot% R=x xl100
r(disk radius) 2(Thickness) Te
%RR8= 6 MACROtot
Thickness Te
The %rate of release multiplied by the thickness provides an approximation to the skin depth.
If, with respect to diffusion, the disk is semi-infinite, then in the absence of electric fields, the
skin depth should remain unchanged. As as is evident in figure 3.3, this approximation to the
skin depth was less for the 480 pm disks than the 1000 pm disks. This shows that the change
in geometry did not increase the loss of PGs w/rt surface area. The fact that it is less can be
attributed to variation in biological parameters among different tissue groups. From figure 3.3
it can also be inferred that the analogous length associated with electroextraction is similarly
much less than the dimensions of the disk since the change in release rate was approximately
the same for both size disks.
The change in release rate for the 1 mm thick disks in the presence of 5 mA/cm2 was
nearly six times less than in the first study. The 1 mm groups were treated almost identi-
cally in both experiments. Biological parameters that haven't been studied carefully may have
contributed to this variation.
4.2.2 Electrophoresis vs Electroosmosis
Electrophoresis translates the negatively charged proteoglycans toward the positive elec-
trode whereas electroosmosis directs PGs in the opposite direction. Given these two properties,
the contribution of both forces to electroextraction was assessed by determining the rate of 3 S
macro release to each side of the disk.
During exposure to electrical fields at 0-3 and 25-28 hours after label, the release rate
to each side of the disk increases. According to the model described in section 1.4, an increase
in flux to one side should be accompanied by a decrease to the other side. This was based on
the following assumptions: the tissue was homogeneous, isotropic, and uniformly microporous,
and the diffusion rate was unchanged by the DC field.
As described above, one issue that must be addressed concerns the effect of the field on
the affinity state itself. If the field does in fact affect the affinity state, then the diffusion rate
will be different in the presence and absence of a field. If the field increases the diffusion rate,
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then the release rate to both sides of the disk would increase. This phenomenon might partially
explain the observed increase in release rate to both sides of the disk.
If the tissue is inhomogeneous and contains sizable channels (e.g.capillaries), then any
convective pressure head created by electroosmosis will result in fluid flow back through the
large channels in the matrix. This backflow can carry released PGs and effectively short out the
effect of the electroosmosis. In the absence of convective fluid flow, diffusion of PGs through
these holes could lead to a variety of PG distributions in the media. Both of these phenomenon
could partially explain the increase in release rate to both sides of the disk.
The effective isolation of adjacent disks by the agarose dividers also merits further
investigation. Although the pore size associated with 5% agarose is significantly smaller than
a PG monomer, control studies should be conducted to assess the loss due to diffusion and
electrophoresis during the current exposure period.
4.3 Future Studies
The mechanisms associated with increased PG release rate in the presence of DC fields
still require further study to establish a clear understanding of the phenomena. The secondary
translation of molecules through large channels in the matrix must be quantified and modeled
so that the primary release of PGs into the matrix in the presence of fields can be analyzed.
This might be approached by placing molecules of known size on one side of the matrix and
monitoring their translation across the disk.
The effective division by the agarose dividers must be assessed. This might be accom-
plished by placing a known concentration of PGs on one side of the divider, and measuring the
amount of PGs on the other side after a period of time, in the presence and absence of DC
current.
The total release of macromolecules into the media must be increased so that affinity
state analysis of the released PGs may be conducted. This might be accomplished by increas-
ing the number of disks and concentrating the PGs in the collected media by ion exchange
chromatography. It might also be approached by increasing the surface area of each disk.
The biological parameters associated with these experiments must be clearly evaluated.
A host of biologically related questions arose during the course of this study. Does the field
effect cellular activity? Why is there a wide variation in total incorporation rate among explant
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disks from the same location and depth? How many cells are in each tissue sample?
These are just a few of the issues that must be quantified before electroextraction of PGs
from live cartilage disks can be used as an in situ, analytical probe for assessing the mobility
and the affinity state of PGs.
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Appendix A
Cartilage Explant Process
The saddle sections of 1-2 week old calves were obtained from a local abbatoir (A.
Arena Hopkinton, MA) directly after slaughter. The intact femoropatellar joint of both legs
was isolated by transecting the femur and mounting the distal segment in a drilling apparatus.
The femoropatellar groove of each leg was exposed by opening the joint capsule and severing
the medial, lateral and cruciate ligaments. Cylindrical cores, 9.5 mm in diameter and ~15 mm
deep, were drilled from the medial (five cores) and lateral (four cores) sides of the groove (see
figure A.1).
Throughout the drilling process, the exposed cartilage was frequently doused with sterile
PBS supplemented with antibiotics (8.1 mM Na2HPO 4 , 136.9 mM NaCl, 1.47 mM KH 2PO 4 ,
2.68 mM KCl, 100 U/ml penicillin, 100 pg/ml streptomycin, pH=7.4, at room temperature).
This prevented bacterial growth and minimized cell death due to friction related heat generation.
Each core was then inserted into a cylindrical sample holder for a sledge microtome
(Model 860, American Optical, Buffalo, NY). After slicing off and discarding the top -100 pm
section from the articular surface, two 1000 pm or four 480 pm thick plane parallel slices were
microtomed and placed in ~1 ml sterile PBS with antibiotics. After collecting all the slices,
four 3 mm diameter disks were punched out from each slice using a stainless steel dermal punch
(Miltex Instrument Co., Lake Success, NY). The 3 mm x 1 mm disks were distributed according
to location and depth. The detailed tissue distribution for each experiment is summarized in
appendix B.
-51-
Pit by. %M k L
RL(t - L)
D %S1AkL
9p~ocX"*L
ptm (%-,T)
LMC I-S*)
LL (1 -4)
'DSTiA
femoropatellar groove
Figure A.1: Femoropatellar groove with labeled core locations. RM corresponds to Right
Medial; RL=Right Lateral; LM=Left Medial; LL=Left Lateral.
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Appendix B
Tissue Distribution for each Electrical Extraction Experiment
In each of the following tables, the tissue was distributed by groups. The tissue location
refers to the location in the femoropatellar groove from which the 3 mm x 1 mm disk was
explanted. In each "Tissue Location" entry, the first letter refers to the Right or Left leg; the
second letter refers to the Medial or Lateral side of the femoropatellar groove; the first number
corresponds to the position along the groove (as shown in figure A.1); and the second number
refers to either the first or second 1 mm disk microtomed from the cylindrical core. All Explant
Disks are 3 mm in diameter and 1 mm in thickness unless specified otherwise.
Effects of DC Current on the Release Rate of Newly Synthesized,
and Mature Proteoglycans
Table B.1: Application of Electrical Field Immediately following Radiolabel
GROUP I Current(mA/cm2) TISSUE LOCATION
A 10 RM1-1 RM2-2 RL1-1 LM1-2 LM2-1 LL1-2
B 10 RM5-1 RL3-2 RL4-1 LM5-2 LL3-1 LL4-2
C 5 RM1-2 RM2-1 RL1-2 LM1-1 LM2-2 LL1-1
D 5 RM5-2 RL3-1 RL4-2 LM5-1 LL3-2 LL4-1
E 2 RM1-1 RM2-2 RL1-1 LM1-2 LM2-1 LL1-2
F 2 RM5-1 RL3-2 RL4-1 LM5-2 LL3-1 LL4-2
G 0 RM1-2 RM2-1 RL1-2 LM1-1 LM2-2 LL1-1
H 0 RM5-2 RL3-1 RL4-2 LM5-1 LL3-2 LL4-1
Table B.2: Application of Electrical Field 24 Hours after Radiolabel. The tissue distribution is
the same as that used for the electrical extraction immediately following the third post-label
wash.
GROUP I Current(mA/cm2) ITISSUE LOCATION
A 10 RM1-1 RM2-2 RL1-1 LM1-2 LM2-1 LL1-2
B 10 RM5-1 RL3-2 RL4-1 LM5-2 LL3-1 LL4-2
C 5 RM1-2 RM2-1 RL1-2 LM1-1 LM2-2 LL1-1
D 5 RM5-2 RL3-1 RL4-2 LM5-1 LL3-2 LL4-1
E 2 RM1-1 RM2-2 RL1-1 LM1-2 LM2-1 LL1-2
F 2 RM5-1 RL3-2 RL4-1 LM5-2 LL3-1 LL4-2
G 0 RM1-2 RM2-1 RL1-2 LM1-1 LM2-2 LL1-1
H 0 RM5-2 RL3-1 RL4-2 LM5-1 LL3-2 LL4-1
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Effects of Disk Thickness on PG Release Rate in the Presence of
DC Electrical Currents
Table B.3: Application of Electrical Fields Immediately following Radiolabel
GROUP Current Disk TISSUE LOCATION
(mA/cm2) Thickness (pm)
A 5 480 RM3-1 RM4-2 LM5-1 RL1-2 LL2-1 LL4-2
B 5 1000 RM3-2 RM4-1 LM5-2 RL1-1 LL2-2 LL4-1
C 5 480 RM3-1 RM4-2 LM5-1 RL1-2 LL2-1 LL4-2
D 5 1000 RM3-2 RM4-1 LM5-2 RL1-1 LL2-2 LL4-1
E 0 480 RM3-1 RM4-2 LM5-1 RL1-2 LL2-1 LL4-2
F 0 1000 RM3-2 RM4-1 LM5-2 RL1-1 LL2-2 LL4-1
G 0 480 RM3-1 RM4-2 LM5-1 RL1-2 LL2-1 LL4-2
H 0 1000 RM3-2 RM4-1 LM5-2 RL1-1 LL2-2 LL4-1
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Electroosmosis and Electrophoresis during Application of DC Current to
Cartilage Explant Disks
Tabl L.1. Application of Electric Field 24 Hours after Radiolabel. The tissue distribution is
the same as that used for the electrical extraction immediately following the third post-label
wash.
GROUP Current(mA/cm2) TISSUE LOCATION
A 0 RM1-1 RM2-2 RM5-1 LM4-2 RL4-1 RL2-2 LL3-1 LL1-2
B 0 RM1-2 RM2-1 RM5-2 LM4-1 RL4-2 RL2-1 LL3-2 LL1-1
C 10 RM1-1 RM2-2 RM5-1 LM4-2 RL4-1 RL2-2 LL3-1 LL1-2
D 10 RM1-2 RM2-1 RM5-2 LM4-1 RL4-2 RL2-1 LL3-2 LL1-1
Table B.4: Application of Electrical Fields Immediately following Radiolabel
GROUP Current(mA/cm) TISSUE LOCATION
A 0 RM1-1 RM2-2 RM5-1 LM4-2 RL4-1 RL2-2 LL3-1 LL1-2
B 0 RM1-2 RM2-1 RM5-2 LM4-1 RL4-2 RL2-1 LL3-2 LL1-1
C 10 RM1-1 RM2-2 RM5-1 LM4-2 RL4-1 RL2-2 LL3-1 LL1-2
D 10 RM1-2 RM2-1 RM5-2 LM4-1 RL4-2 RL2-1 LL3-2 LL1-1
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Appendix C
Effects of DC Current on Media pH in the Electrical Chamber
The following is a control study designed to test whether the media pH in the chamber
was the same in the presence or absence of electric fields, given the arrangment of electrical
chambers and electrodes used to apply current to the explant disks,
The electrical chambers and electrodes were arranged to simulate the conditions used
to apply electric fields to explant disks. DC current was applied to the media for five hours.
After application of current, the media pH was observed at several locations in the chamber
and compared to media pH in the absence of current.
Materials and Methods
In a single electrical chamber, currents corresponding to 10 and 20 mA/cm2 current
densities for 3 mm diameter disks, were applied to two separate media (DMEM+) filled lanes
with no explant disks.
The HP 711A DC Power Supply in series with a Fluke 75-Multimeter was used to
generate and monitor 700 pA (10 mA/cm2 for 3 mm diameter disks), while the Hoefer Scientific
DC Power Supply was placed in series with another Fluke 75-Multimeter to generate and display
1400 pA (20 mA/cm 2 for 3 mm diameter disks).
In the incubator, current was applied to the media for 5 hours. Immediately after
exposure, pH paper (ColorpHast pH=5-10 for the baths, ColorpHast pH=6.5-10 for the media;
MCB Reagents, Gibbstown, NJ & Cincinnati, OH) was used to observe the pH in each electrode
bath and at 9 different places in the media lanes (shown in figure 0.1).
Results
The pH measurements observed at the media locations (shown in figure C.1) and in
each of the electrode baths are tabulated below.
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Figure C.1: Electrical Chamber arrangement used to apply DC current to DMEM+ for the
purpose of testing the effects of DC fields on media pH. After exposure to current, the pH
was observed at the nine locations indicated. The lanes were filled only with media. No teflon
holders were placed in the chamber.
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Discussion
In this control study, current was applied to the media for 1.66 times longer than in
any of the experiments conducted on live explant disks. One current amplitude (1.4 mA) was 2
times larger than any current used on the explant disks. From the table above, it is clear that
after exposure, the pH throughout the media was 7.4-7.6. In the absence of electric fields, the
explant disks are cultured at pH=7.4 in the incubator (5% C02, 95% air, and 37*C). The data
shows that given this arrangement of electrodes, the pH of the media is 7.4-7.6 in the presence
or absence of electric fields.
After application of current, the pH in the electrode baths was significantly lower than
in the electrical chambers. The pH of the media was the same in the presence or absence
of electrical current. From these results, it is concluded that in this control study, and in the
experiments conducted on live explant disks, the agarose bridge effectively isolated the electrical
chambers from electrically induced pH change in the electrode baths.
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Table C.1: pH measurements of Baths and Media After Electrical Stimulation
Location Current (pA) pH
Positive Bath 700 6.5-7.0
Negitive Bath 700 7.0
Media Location 1 700 7.4-7.6
Media Location 2 700 7.4-7.6
Media Location 3 700 7.4-7.6
Media Location 4 700 7.4-7.6
Media Location 5 700 7.4-7.6
Positive Bath 1400 6.5-7.0
Negative Bath 1400 7.0
Media Location 6 1400 7.4-7.6
Media Location 7 1400 7.4-7.6
Media Location 8 1400 7.4-7.6
Media Location 9 1400 7.4-7.6
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